Recent taxonomic developments, based on 16s and 23s rRNA gene sequences, have divided the family Chlamydiaceae into two genera and nine species, of which five have been found to infect humans. Few simple methods are available to detect and identify all species sensitively and specifically. In this study the suitability of the omp2 gene as a target for molecular identification of Chlamydiaceae is demonstrated. Phylogenetic analysis of partial omp2 gene sequences from all nine species agrees with the recently published taxonomic changes based on the ribosomal genes. The use of a family-specific PCR primer pair, which is able to amplify the 5 end of the omp2 gene from all Chlamydiaceae except some Chlamydophila pecorum strains, is described. Identification of all nine species was achieved using restriction fragment length polymorphism analysis with a single enzyme, AluI, confirmed by DNA sequencing. A PCR enzyme-linked oligonucleotide assay was developed which can detect a single chlamydial genome and may be applied to DNA extracts from any specimen or culture for the detection of single or mixed human chlamydial infection.
The family Chlamydiaceae has recently been reclassified into two genera and nine species (4) . Current human infection by Chlamydiaceae is frequently diagnosed as Chlamydia trachomatis, but less frequently as Chlamydophila pneumoniae (formerly Chlamydia pneumoniae), and rarely as Chlamydophila psittaci (formerly Chlamydia psittaci avian group), Chlamydophila abortus (formerly Chlamydia psittaci abortion group), or Chlamydophila felis (formerly Chlamydia psittaci feline pneumonitis agent). No observation has been made of human infection with Chlamydophila caviae (formerly Chlamydia psittaci guinea pig inclusion conjunctivitis agent), Chlamydophila pecorum (formerly Chlamydia pecorum), Chlamydia suis (formerly porcine Chlamydia trachomatis), or Chlamydophila muridarum (formerly Chlamydia trachomatis of mice).
Other than for C. trachomatis, laboratory diagnostic methods are poorly developed and not standardized. Serology is commonly used for diagnosis (6, 15) , but the immune response to chlamydial infection is often delayed and variable. Microimmunofluorescence, the reference serology method, which was designed for the serotyping of C. trachomatis, is difficult to perform and not fully standardized and does not always correlate with cell culture or nucleic acid detection (8, 12, 15, 16, 20) . Commercial reagents available for the detection of Chlamydiaceae by direct immunofluorescence (DIF) include the family-specific antibody against the lipopolysaccharide (e.g., Imagen Chlamydia; Dako Diagnostica GmbH, Hamburg, Germany) and a C. trachomatis-specific antibody directed against the major outer membrane protein (MOMP) (e.g., Syva Microtrak; Bearing Diagnostics Inc., Cupertino, Calif.). Use of these antibodies in DIF for the detection of elementary bodies (EBs) from clinical material requires skilled staff and is subjective.
Enzyme immunoassays for detection of chlamydial antigens have been shown to be generally of modest sensitivity (13) .
Commercially available sensitive and specific nucleic acid amplification tests are primarily designed for C. trachomatis (13) . Specific in-house PCR assays have been developed for other species (1, 10) , but multiple or multiplex PCRs are needed to screen specimens collected from sites that are associated with infection by more than one species, such as conjunctivae and the respiratory tract. In addition, most PCRbased assays for the former C. psittaci group do not distinguish the recently described species (10) .
C. trachomatis may be isolated when cell culture is available, but C. pneumoniae is difficult to culture, with only two reported isolates from patients in the United Kingdom (2) . Other Chlamydophila species are more easily isolated, when attempted, but require level 3 (P3) containment facilities for their propagation. When a Chlamydiaceae species is isolated by culture, there are few phenotypic methods available for determining the species (17) . Production of a glycogen vacuole and sensitivity to sulfonamides have been used to identify Chlamydia spp. Species-specific antisera have been produced but are not freely available.
Recent methods for typing chlamydiae have been based on DNA sequencing. The new taxonomic description of the Chlamydiaceae uses the 16s and 23s rRNA gene sequences, and a typing system based on PCR and sequencing of the rRNA genes has been proposed, although other genes may be suitable for identification of species (4, 5, 18) .
The omp2 gene of the Chlamydiaceae has two conserved regions at the 5Ј end bordering a variable segment, and primers designed to be complementary to these conserved regions have been used to amplify the omp2 gene from many Chlamydiaceae (18) . The sequence variation has been used to design species identification tests using the omp2 PCR product, e.g., PCRrestriction fragment length polymorphism (PCR-RFLP) analysis and heminested PCR (14, 18) and agarose gel electrophoresis with bisbenzimide-polyethylene glycol (PEG) (3).
Although no publications were found distinguishing all the current species, PCR-RFLP patterns after digestion with AluI do produce characteristic patterns for six species (3, 14) , but no published patterns have been observed for C. felis, C. muridarum, or C. suis.
The purpose of this work was to determine whether a sensitive and species-specific PCR-enzyme-linked oligonucleotide assay (PCR-ELONA) and/or PCR-RFLP assay could be designed, based on the omp2 gene, which would be able to detect and identify any Chlamydiaceae sp. To confirm the suitability of the omp2 gene as a target, partial omp2 gene sequences were generated for the two species not previously sequenced (C. felis and C. suis), and the taxonomic relationship of all species was investigated by cluster analysis.
rum, C. suis, and the primer-binding sites of C. pecorum was not available initially). Primers were selected to allow the amplification of all target species in a single reaction by identifying conserved sequences in the omp2 gene. The primer sequences selected, designated Ch1 and Ch2, were modified from ones described previously (D1 and D2 in reference 18), although D2 was also used. Family-specific and species-specific probes were designed for use in a stringent ELONA. We have subsequently sequenced the corresponding omp2 regions of C. felis (FePn) and C. suis (S45), while C. muridarum (MoPn) and the complete 3Ј end of C. pecorum strain W73 have since been submitted to GenBank.
Alignment of sequences from all nine species is shown in Fig. 1 . Primer and probe sequences selected are highlighted in Fig. 1 and shown in Table 1 .
PCR conditions. All reactions were carried out in a Perkin-Elmer type 480 thermal cycler in 50l reaction volumes. Reactions contained 1 to 10 l of processed sample, 200 M each of a mix of deoxynucleoside triphosphates (Amersham-Pharmacia), 5 pmol of each primer, 5 l of 10ϫ buffer with 15 mM MgCl 2 and 1.25 U of Taq or Taq Gold (used during specificity tests with nonchlamydia isolates) polymerase (Roche Biochemicals). Standard amplification conditions for primers Ch1 and Ch2 were 94°C for 4 min (or 95°C for 10 min for Taq Gold) for 1 cycle; 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 40 cycles; and a final extension step of 72°C for 7 min for 1 cycle. Additional amplifications were performed with Ch1/Ch2 and with primer pair Ch1/D2, Taq Gold polymerase, and an annealing temperature of 45°C.
Chemiluminescent ELONA. The ELONA method was that described by Whitby and Garson (19) . Briefly, 5 l of the biotinylated PCR product was captured on a streptavidin-coated microtiter well. After capture and washing, the double-stranded DNA was denatured by the addition of 0.15 M NaOH, and the second strand was washed away. A specific enzyme-labeled oligonucleotide probe was then hybridized to the captured antisense strand. Unbound label was removed by washing, and bound label was detected with a chemiluminescent substrate (Lumiphos; Lumigen Inc.). The final result is given as a numerical value in counts per second (cps) produced by a Cunberra Packard Top Count scintillation counter.
In a modified protocol designed to reduce the expense of synthesizing multiple enzyme-labeled probes, unlabeled probes were synthesized with a common 3Ј tail sequence to which a complementary enzyme-labeled oligonucleotide could be annealed. Sequence details are given in Table 1 . After washing away the unbound probe, the alkaline phosphatase-labeled oligonucleotide AP-COM, diluted in the same buffer as the probe (see Whitby and Garson 1995 for details [19] ), was added to the wells and incubated at 37°C for 30 min before washing and addition of substrate as with a directly labeled probe.
RFLP analysis. A discriminatory restriction enzyme was sought by analysis of cutting sites from available sequence data. Restriction with AluI was predicted to give species-specific band lengths, shown in Table 2 . Digestion was performed by incubating a 10-l aliquot of PCR product with 1 U of enzyme (Promega), 2 l of 10ϫ buffer, and 7 l of water for 1 h at 37°C. The products were analyzed by electrophoresis on a 4% Metaphor gel (FMC Bioproducts, Rockland, Maine), stained with ethidium bromide, and compared to the predicted analysis.
Sequencing. Sequencing of C. felis (FePn), C. suis (S45), C. psittaci (Z10), and unknown isolate A was performed using primers Ch1 and Ch2 on PCR products amplified from the omp2 gene and analyzed on an ABI 377 automated sequencer (Big Dye). Isolate B was sequenced using Texas red-labeled Ch1 and Ch2 primers and analyzed on a Vistra 725 automated sequencer (Amersham). Sequences have been submitted to GenBank. C. felis and C. suis are shown within the sequence alignment ( Fig. 1) .
Phylogenetic analysis. The corresponding partial omp2 gene sequences available for all species ( (14); C. pecorum, 4 partial sequences (U56927, AF111199, and reference 14). All additional sequences show 98.5 to 100% homology with the sequence shown above, with no alterations in restriction sites; however, the 3Ј primer-binding site of C. pecorum strain VR268 (accession no. U56927) is altered at the first 3 bases (TGG to GCC). Amplification with the primer pair Ch1/D2 at an annealing temperature of 45°C yielded a single product of the expected length from all species except C. pecorum VR628 (gel not shown), which produced no visible product. CH1/D2 produced no product from any C. pecorum at 55°C, although C. trachomatis L2 gave the expected omp2 product (gel not shown).
Amplification of DNA extracts from other bacterial isolates listed, using primers Ch1 and Ch2, Taq Gold, and an annealing temperature of 55°C, yielded no detectable products by gel electrophoresis or ELONA. All extracts were shown not to be inhibitory by spiking with C. abortus DNA (gel not shown). DNA from V. cholerae, S. sonnei, S. flexneri, Bacteroides sp., and Salmonella sp. gave nonspecific bands when amplified with Taq (gel not shown).
PCR-ELONA specificity. All DNA extracts were amplified with Ch1/Ch2 and an annealing temperature of 55°C and then probed in parallel with three probes. The C. pecorum PCR products from the lower annealing temperature reaction were also probed. ELONA results are shown in Table 3 . PCR products from all Chlamydiaceae species, including C. pecorum when amplified well, gave a strong signal (100ϫ background) with the family-specific probe (CfamP). The species-specific probe for C. pneumoniae (CpnP) specifically detected only this species. The C. trachomatis (CtraP) probe detected C. trachomatis, C. muridarum, and, weakly, C. suis. The signal strength for the family-specific probe used with C. trachomatis was lower than with the other species. Comparison with the C. trachomatis species-specific probe indicates that the signal reduction occurred during the ELONA, possibly due to the single-base mismatch (Fig. 1) . The low CtraP signal for C. suis (formerly C. trachomatis of pigs) compared to the family-specific probe was explained by a four-base difference in the gene sequence complementary to the probe. Test of PCR sensitivity. Absolute sensitivity was tested for C. pneumoniae and C. trachomatis using enumerated suspensions of EBs amplified with Ch1/Ch2 and an annealing temperature of 55°C. The previously enumerated stock EB suspensions were extracted by boiling for 15 min, and limitingdilution PCR was performed using a half-log dilution series in water. Each dilution was amplified by PCR in up to four reactions, and amplification was detected by ELONA. The results of the assay were also used to determine a test/control ratio which enabled a cutoff ratio to be assigned. An example of the ELONA results is shown in Table 4 , showing the titration of a counted suspension of C. pneumoniae EBs. ELONA titrations of C. pneumoniae and C. trachomatis showed that the method was able to detect a single input DNA target molecule and show a positive/negative ratio for a single molecule of between 5 and 15.
Identification by omp2 PCR-RFLP. The products from the omp2 PCRs (C. pecorum was amplified at 45°C) were restriction digested with AluI as described in Materials and Methods. The products of the digestion are shown in Fig. 3 , demonstrating that the bands generated correspond to the predicted sizes shown in Table 2 and are characteristic for all nine species.
Sequence of omp2 gene products of C. felis (FePn), C. suis (S45), and C. psittaci (Z10); sequence cluster analysis, taxonomic classification, and species identification. The newly generated sequences of C. felis and C. suis (GenBank accession nos. AF367407 and AF367408, respectively) are shown aligned with the other Chlamydiaceae in Fig. 1 . C. psittaci Z10 sequencing produced a 536-bp sequence identical to bases 29 to 564 of the C. psittaci sequence shown. The phylogenetic relationship of all species based on the partial omp2 sequence clustering is shown in Fig. 4 . The dendrogram produced demonstrates the divergence between the designated species and mirrors that derived by analysis of the rRNA sequences (4). The similarity of the Z10 sequence to other C. psittaci sequences demonstrates the conservation of the partial omp2 sequence within this species.
Uncharacterized chlamydial isolates. The two nontrachomatis isolates were analyzed by the PCR-ELONA and PCR-RFLP methods. Results are shown in Table 3 and Fig. 3 . In the ELONA, both isolates gave strong signals with the familyspecific probe (CgenP). Isolate A was positive with the C. pneumoniae probe but not with the C. trachomatis probe (CtraP), while isolate B was negative with both of the specific probes used. The RFLP band pattern of isolate A corresponded to that predicted for C. pneumoniae, and isolate B corresponded to C. felis. Isolate A sequencing produced a 536-bp sequence identical to bases 29 to 564 of C. pneumoniae; the isolate B sequence (GenBank AF367406) was 471 bp long and identical to the corresponding C. felis sequence (bases 38 to 508 in Fig. 1 ). DNA sequence analysis confirmed that isolate A is C. pneumoniae and isolate B is C. felis.
DISCUSSION
Infection with chlamydiae other than C. trachomatis is often difficult to diagnose. Culture requires special facilities, while the serological response is variable and the tests are poorly standardized. Nucleic acid amplification tests are being used more frequently (1, 10, 13, 15) . However, the majority of diagnostic tests are designed for C. trachomatis, and methods for the detection and identification to species level of all nontrachomatis isolates are not readily available. Recent taxonomic changes to the family were based on the 16s and 23s rRNA genes; however, it may be possible to distinguish all species by the detection of specific sequences within other genes. Outer membrane protein 2 is an integral component of the cell wall of all chlamydiae, containing a variable N-terminal fragment which is species specific but does not induce a species-specific humoral response (11) . It had been shown that the 5Ј end of the gene for the Omp2 protein contains two short, highly conserved sequences suitable for use as primer-binding sites for the amplification of many chlamydiae (3, 14, 18) . We designed primers (Ch1 and Ch2) to target the same conserved region. The product amplified from a single optimized PCR could then be detected and identified by ELONA or RFLP designed around the differences in the variable section, as long as these differences were sufficient and conserved within a species.
Submitted sequence data (shown in Fig. 1 ) confirmed the highly conserved nature of the primer-binding sequences for all species tested except C. pecorum, for which variation was revealed at the 3Ј end. C. pecorum W73 shows five base changes within the 3Ј primer-binding site, while C. pecorum VR268 has a complete mismatch at the 5Ј end of the 3Ј primer-binding site. As a result, primers CH1 and CH2, at an annealing temperature of 55°C, efficiently amplified all Chlamydiaceae except C. pecorum. At 45°C, some strains of C. pecorum were also amplified.
With the sequencing of the 5Ј end of C. felis and C. suis, data are now available for the variable region in all nine chlamydial species (Fig. 1) . The nucleotide sequence between the primer sites has been determined a number of times for some species. Table 2 . It is identical for all C. pneumoniae isolates (7) and almost identical for C. trachomatis (eight GenBank accessions). Smaller numbers of the other Chlamydophila spp. have been analyzed (listed in Fig. 1 ), and they also show a high degree of conservation of the partial omp2 gene sequence within a species, as we have demonstrated with C. felis and C. psittaci. Conservation may be maintained, as Omp2 does not induce a species-specific humoral response (11) . In contrast to the conserved intraspecies sequence of omp2, alignment of the sequences from all species demonstrates a high level of interspecies divergence, with the same phylogenetic relationship to that produced by alignment of the rRNA gene sequences (4). The combination of interspecies variation with intraspecies conservation makes this locus a suitable candidate gene for the identification of all nine species, including C. pecorum strains, when amplified.
The present study has used a PCR based on the familyspecific primers and combined the reaction with family-or species-specific oligonucleotide probes or with restriction digestion with a single enzyme, AluI, for the detection and identification of Chlamydiaceae. The omp2 gene was originally amplified with shorter primers, D1 and D2 (18) , and an annealing temperature of 45°C. We modified these primers to provide better balance in a planned quantitative assay and to allow use of a higher annealing temperature. Restriction digestion of the partial omp2 gene PCR product with the enzyme AluI was shown to produce the predicted species-specific patterns for all nine species. The PCR-RFLP is therefore able to determine the species of isolates in agreement with the new taxonomic classification. This was demonstrated with two unknown laboratory isolates, which were shown to be strains of C. felis and C. pneumoniae.
For use in clinical diagnosis, single-round reactions and analysis by agarose gel electrophoresis may lack sensitivity and specificity. Therefore, our PCR was combined with an ELONA using a chemiluminescent substrate to provide family-or species-specific detection at high sensitivity. The method can also be used for quantification (19) . Using suspensions of enumerated EBs of C. pneumoniae and C. trachomatis, the sensitivity of the species-specific assay approached one genome copy input into the PCR. The two species-specific hybridization probes designed for C. pneumoniae and C. trachomatis were both specific and sensitive for chlamydiae infecting humans. The C. trachomatis probe also detected mouse and, less sensitively, pig chlamydial infection. The PCR-ELONA as designed classifies samples as containing chlamydial DNA using the family-specific probe and as containing C. pneumoniae, C. trachomatis, or some other species using the species-specific probes. Probes may be combined for ease in a screening assay (data not shown), and additional species-specific probes could easily be incorporated into the method.
The format of a PCR-ELONA using a family-specific primer pair and identification during the sensitive detection stage has other advantages in addition to sensitivity and specificity. C. pneumoniae DNA has been shown to be difficult to recover from specimens, with up to 99% loss demonstrated during spiking experiments with various commercial and in-house procedures (9) . The addition of a known number of C. trachomatis EBs to the specimen before extraction can be used as an internal control for all stages of the assay, since the control and target can be separately detected and quantified in the ELONA detection stage. Furthermore, the chemiluminescent assay can be used to quantify the DNA input either against an external calibration curve or through the competitive quantitative PCR that occurs with the internal control (unpublished data). In laboratories where a microtiter luminometer is unavailable, colorimetric substrates may be substituted for the chemiluminescent substrate used in the described method.
In conclusion, we have demonstrated that the omp2 gene of Chlamydiaceae is a suitable locus to which molecular detection and identification methods may be targeted. The alignment of previously available and newly generated genome sequences confirmed the taxonomic relationship between the newly described species within the Chlamydiaceae family. The standard PCR-RFLP and PCR-ELONA (annealing temperature of 55°C) were able to detect and identify all previous and newly described species except C. pecorum. Reduction of the annealing temperature permitted detection and identification of most C. pecorum strains, but within-species variation in the 3Ј primer-binding site prevents amplification of all strains. The combination of the family-specific PCR with a chemiluminescent ELONA detection system gives a highly sensitive and specific assay. The single optimized method avoids the need for multiplex PCR, with its reduced sensitivity, or for multiple PCRs, with their additional resource demand. This assay has the potential to provide a simple and reliable means for the detection and identification of Chlamydiaceae from clinical specimens and cultures for the investigation of human chlamydial disease.
